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and marine-sediment 2, 3 records. During the earlier part of the Quaternary (before 1 million years ago; 1 Myr BP), cycles of 41 kyr dominated. The period in between shows intermediate behaviour, with marine records showing both frequencies and a lower amplitude of the climate signal 2, 3 . The observed frequencies arise from parameters of the Earth's orbit that control the amount, and the seasonal and latitudinal distribution, of solar radiation 4 . However, the reasons for the dominance of the 100-kyr (eccentricity) over the 41-kyr (obliquity) band in the later part of the record, and the amplifiers that allow small changes in radiation to cause large changes in global climate, are not well understood. New records of the earlier periods, looking at parameters unavailable in marine records, are needed.
Ice cores provide the most direct and highly resolved records of (especially) atmospheric parameters over these timescales. They record climate signals, as well as forcing factors of global significance such as greenhouse gases and of more regional significance such as atmospheric aerosol content. Until now, ice-core data have been available only for the past 420 kyr, with the longest record coming from Vostok in East Antarctica 1 , supported by the 340-kyr record from Dome Fuji 5 . These data indicated the similarities of the last four glacial terminations. They showed that glacials and interglacials had similar bounds in the measured properties over the last four cycles. Most tellingly, they showed the very close association between greenhouse gases 1, 6 (CO 2 , CH 4 ) and climate (as recorded using the Antarctic temperature proxy, the deuterium/ hydrogen ratio in ice, represented as dD) over this period. The Vostok record has become a compelling target against which other records and modelling efforts are tested.
The European Project for Ice Coring in Antarctica (EPICA) is a consortium of laboratories and Antarctic logistics operators from ten nations, with the goal of obtaining two deep ice cores in East Antarctica. The study of one core, from Kohnen Station in the Dronning Maud Land sector of Antarctica (see Supplementary  Fig. 1 ) is aimed at producing a high-resolution record of at least one glacial-interglacial cycle in the sector of Antarctica facing the Atlantic Ocean, for comparison with Greenland records 7 . The second core (named EDC) from Dome C (758 06 0 S, 1238 21 0 E, altitude 3,233 m above sea level), discussed here, is aimed at producing a record of the longest time period possible. The site 8 has an ice thickness of 3,309^22 m; the current drilling depth is 3,190 m, of which 3,139 m has been analysed for a wide range of constituents. The current mean annual surface temperature is 254.5 8C, and the snow accumulation rate is 25 kg m 22 yr
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(2.5 cm water equivalent per year). The drill site is 56 km from the site of a previous Dome C core 9 that provided records extending into the last glacial period, and 560 km from the site of the Vostok cores 1 . The completion of the Dome C core was delayed when the first drilling became stuck at 788 m in 1999, and this shorter EDC96 core has already yielded many important results from the last 45 kyr (see, for example, refs [10] [11] [12] [13] [14] .
Here we present the EDC records of dD and other parameters, analysed at low resolution, for the available core. We show that the core represents 740 kyr, including all of marine isotope stage (MIS) 11, which was not completed in the Vostok record, and running through a further three complete 100-kyr cycles, to MIS 18.4. We compare the amplitude and frequency structure of the period before MIS 11 with that of the more recent period. We focus in more detail, with new greenhouse-gas and ice-chemical data, on Termination V, from MIS 12 to MIS 11, discussing first the integrity of the record. The different parameters measured on this termination are then discussed in terms of similarities to and differences from younger terminations.
Stratigraphy of the EDC core
The ice-core data (see Methods) are reported in Fig. 1 as a function of depth. In this section, conductivity, grain size, dust and dD data, taken together, allow us to define a reliable stratigraphy of the core in terms of terminations and of broad correspondence with the deep-sea record. In the following section, we derive a timescalewhich should be considered preliminary-and develop arguments supporting our claim that the core stratigraphy is undisturbed at the current depth (3,139 m) despite the relative proximity of the bedrock (less than 200 m).
Under the conditions at Dome C, both measurements (see Methods) of electrical conductivity 15 are dominated by variations in the acidity of the ice 16 . This property does not vary in a simple way with climate, increasing in both very cold and very warm stages, with the lowest values in intermediate climates. Cold periods in Antarctica are characterized by much greater dust fallout than is found during interglacials (for example, the Last Glacial Maximum (LGM)/Holocene ratio of 26 for dust flux 13 ), related to a combination of increased aridity and wind strength. Large numbers of dust particles within the ice lead to a decrease in the ice-grain growth rate 17 . Consequently, each significant decrease of the average grain radius (Fig. 1 ) also marks an interglacial to glacial transition. The isotopic composition of the ice, dD (used here) and d 18 O, is classically used as an indicator of temperature change. Isotopic models predict that d values should vary linearly with temperature in mid-and high latitudes. There is now a series of arguments supporting the use of this present-day temperature/isotope spatial slope to interpret isotopic records from Antarctica 18, 19 , at least for deep ice cores from the East Antarctic plateau.
Electrical, dust and dD (Fig. 2 ) data can easily be matched between the EDC and Vostok cores into stage 11. We deduce that ice from 3,310 m at Vostok and from ,2,770 m at EDC corresponds to the same time period (423 kyr BP in the GT4 Vostok chronology). Transition V is then very clearly marked both in the dust, grain size and dD records with the coldest part of MIS 12 at around ,2,790 m ( Fig. 1) , and with Termination V (that is, the MIS 12 to MIS 11 transition) roughly corresponding to the depth interval between 2,790 and 2,760 m.
Below the dielectric-profiling peak corresponding to MIS 11 there is a large depth interval with low dielectric-profiling values. There is, however, a clear dust peak, as well as a large decrease in the average grain size, at a depth of 2,910 m, which should correspond to the cold MIS 14, thus implying that there is no dielectric-profiling peak within MIS 13. The dD record confirms that the interglacial MIS 13 peaks at a depth of 2,842 m, but is considerably colder than subsequent interglacials. This intermediate climate is insufficient to give a dielectric-profiling peak, probably because of reduced preservation of volatile acids 20 . From the dD record, we first note a clear change in the amplitude of glacial-interglacial changes before and after MIS 12, with the older period being characterized by just one minimum as deep as those observed during the last 400 kyr, and by consistently lower maxima (by about 20‰). As discussed below, this change of amplitude corresponds to the mid-Brunhes climate shift (and does not result from some smoothing process in the ice). There is an excellent correspondence between the dD and the dust record and based on these we can assign the base of the transition at ,3,042 m to the next cold stage, MIS 16.2. In the deep-sea core record, stage 16.2 corresponds to particularly low sea level and was probably very cold. This is exactly what is seen in the dD where, before MIS 12, only stage 16 reached dD levels as low as those of the LGM. The next dD peaks (low dust) can then be attributed to full interglacial 17 and interstadial 18.3 with the bottom of the record corresponding to MIS 18.4.
Timescale and integrity of the deep ice
The timescale (called EDC2; see Methods) developed for the Dome C deep ice core is based on an inverse dating method 21 , constrained by a small number of control age windows, which are mainly set to glacial terminations by comparison to the marine records. The fact that a simple one-dimensional model with only four free parameters can be matched (to 3,139 m depth) so well, in both timing and shape, with the orbitally tuned marine records ( Fig. 2c) is evidence for the integrity of the stratigraphy of the Dome C record. The good match extends through the period from 338 to 626 kyr, in which there are no imposed control windows. The difference between the ages of gas bubbles and the surrounding ice was computed with a firn model 22 . The first section of EDC ice that is novel, that is, older than was Upper blue curve (left axis), mid-July insolation at 658 N; lower black curve (right axis), annual mean insolation at 758S, the latitude of Dome C. b, dD from EPICA Dome C (3,000-yr averages). Vostok dD (red) is shown for comparison 1 and some MIS stage numbers are indicated; the locations of the control windows (below 800-m depth) used to make the timescale are shown as diamonds on the x axis. c, Marine oxygen isotope record. The solid blue line is the tuned low-latitude stack of site MD900963 and ODP677 3 ; to indicate the uncertainties in the marine records we also show (dashed red line) another record, which is a stack of seven sites for the last 400 kyr but consisting only of ODP site 677 for the earlier period 2 . Both records have been normalized to their long-term average. d, Dust from EPICA Dome C.
obtained at Vostok, is that of Termination V. The integrity of this section can be tested using the depth difference expected between contemporaneous events recorded in the gas and the solid phase. We measured CO 2 and CH 4 mixing ratios in the air enclosed in the ice at ,1-m resolution between 2,760 and 2,800 m (Fig. 3) . From the Vostok findings over the last four terminations 23 , we expect the following pairs of events to be roughly synchronous: (1) the CO 2 peak/dD peak, (2) the start of CO 2 increase/start of dD increase. The depth offset (Ddepth) values for these two pairs of 5 to 7 m are in reasonable agreement with Ddepth values calculated with the firn densification model, taking into account the thinning function obtained with the ice-flow model (Fig. 3) . These observations support the conclusion that this part of the Dome C record is undisturbed, that is, that there is no folding of the ice.
Although visible ash layers tilted by a few degrees from the horizontal have been observed in the deeper ice, so far we have observed none of the highly inclined layers and overturned folds that were associated with stratigraphic disturbance in the lowest 10% of the deep Greenland (Summit) ice cores. The electrical records to 3,190 m also show no unexpectedly rapid changes, of the kind that might be diagnostic of folding. In conclusion, all the evidence supports the integrity of the ice-core stratigraphy to 3139 m.
Antarctic climate beyond MIS 11
One of the paradoxes of Quaternary climate is the dominance of 100-kyr periodicity in the past few climatic cycles, even though the amplitude of insolation changes at this period is rather small. This can be addressed by examining changes in the amplitude and frequency of climate through the Quaternary period. On the basis mainly of ice-volume records, two major transitions have been identified. The mid-Pleistocene revolution (MPR) is characterized by an increase in mean global ice volume, and a change in the dominant period from 41 to 100 kyr (ref. 2). Its timing is often considered to be at about 900 kyr BP (that is, before the scope of this paper). A second distinct climate change, the mid-Brunhes event (MBE, for example 24 25 shows cold and relatively stable summer temperatures before the MPR followed by higher-amplitude fluctuations between the MPR and the MBE and much stronger variations thereafter. Now we have the opportunity to examine the pre-MBE signal in Antarctic temperature and dust.
In the EDC dD record (Fig. 2) , as in the marine-isotope records, the most striking feature is the greater amplitude of glacial-interglacial change in the period after Termination V (with 430 kyr as the boundary), compared to the earlier period. The standard deviation of the signals increases by 45% for EDC and 12% for the d 24 . The Devil's Hole calcite isotopic record 26 , which, however, extends only back to 565 kyr BP, also shows less variability before than after the MBE and indeed resembles the EDC record over the part common to both records. In detail, the period before Termination V in EDC is characterized by somewhat less cold glacial maxima (with the exception of stage 16.2), but by very significantly less warm interglacials (Fig. 4) . Less extreme (weaker amplitude) interglacials occupied a larger proportion of each glacial/interglacial cycle, with the result that the mean dD value before and after 430 kyr is quite similar. The new ice-core data strongly emphasize the contrast in climate before and after the MBE.
The driving mechanisms for neither the MPR nor the MBE are as yet well understood. Some properties of the insolation curves have Figure 3 Termination V in the EPICA Dome C ice core on an ice depth scale. The top panel shows the ice-core parameters: circles, CO 2 ; diamonds, CH 4 ; line with no symbols, dD; crosses, dust. The lower panel shows the modelled difference in depth between ice and air of the same age (line) along with estimates of the actual difference (error bars are based on uncertainty in aligning common events) for events considered roughly contemporaneous on the basis of their behaviour in later terminations at Vostok. Event 1, CO 2 peak/dD peak; event 2, CO 2 early increase/dD early increase. changed progressively over the last 800 kyr, with an increased amplitude of obliquity changes, for example, and therefore an increased variability of annual local insolation (Fig. 2a) in the later part of the record. However, none of the simple conceptual models developed to simulate the timing of the Pleistocene glaciations has been able to suggest an explanation of the MBE. The climate became more orderly and predictable after the MBE, perhaps as a result of the emergence of new feedback mechanisms linked with changes in boundary conditions, such as the strength of ocean circulation, albedo, carbon dioxide or isostasy 24 . At this stage, we have no additional clues allowing us to favour any one of these feedbacks, or to formulate other possibilities, but to obtain a detailed carbon dioxide record over 800,000 yr should certainly be helpful.
A marine records. It delimits the frontier between two different patterns of climate, and has been identified as a unique and exceptionally long interglacial 30 . Some authors suggest that, because the orbital parameters (low eccentricity and consequently weak precessional forcing) are similar to those of the present and the next tens of thousands of years, MIS 11 may be the best analogue for present and future climate without human intervention 31 . In this context, we note (Fig. 5) that, on the EDC2 timescale, dD (our temperature proxy) remains above 2403‰ (the minimum 300-yr average value observed during the full Holocene epoch) for 28 kyr in MIS 11 (apart from a brief reversal near the start); in the Holocene, dD has so far been above 2403‰ for 12 kyr. The rate of change in dD is very similar in Terminations Vand I. Both terminations show a clear temperature reversal, but the one in the earlier period occurs after interglacial warmth has already been achieved. Thus the reversal at about 420 kyr might be seen as analogous to the Antarctic cold reversal (ACR) that occurred during Termination I at around 13 kyr, or it might be seen as similar to the dip (at about 8 kyr) that occurred after the early Holocene warm period.
Our low-resoluion data for CO 2 , CH 4 ( Fig. 3) 32 or a link between coral-reef growth and the intense carbonate dissolution of MIS 11 through unusual CO 2 mixing ratios 30 . Other parameters measured on the core (Table 1) , representing conditions and transport in different compartments of the environment, have very similar (glacial) values at equivalent points just before Terminations I and V and very similar (interglacial) values just after the two transitions. This confirms that, in all the proxies we are able to examine, there is no significant long-term trend in the period since the MBE.
The general shape of the greenhouse gas increases resembles younger terminations, that is, a regular trend for CO 2 and a twostep transition for CH 4 (slow increase followed by a rapid jump towards interglacial values); however, no Younger-Dryas-like event is observed in our CH 4 profile.
The most striking feature concerns the relative timing of the CO 2 and CH 4 increases compared with younger terminations: whereas CH 4 started to increase concomitantly with CO 2 (and Antarctic temperature) during the last four terminations, at Termination V it leaves its glacial background 4 to 5 kyr later than CO 2 , by which time the latter had already increased by about 50 p.p.m.v. Similarly, the rapid jump of CH 4 punctuating the second part of its transition takes place when CO 2 approaches its maximum. Note that this is also the time when Antarctic temperature starts a slow decrease, that is, a typical expression of a bipolar see-saw as observed during stage 3 (ref. 33 ) and possibly Termination I 12 . Following its rapid jump at Figure 5 Comparison of Termination V plus MIS 11 with Termination I plus Holocene. dD data for MIS 11 (1-kyr averages) are shown as a solid blue line using the lower x axis; data for the Holocene are shown as a dashed red line using the upper x axis. Various alignments could be made, but we have adjusted the x axes so that the start of each termination is aligned. A horizontal line is drawn at 2403‰. A thorough discussion of the causes of these greenhouse-gas peculiarities during Termination V is beyond the scope of this paper. But evidently the similarities and differences observed with younger terminations will stimulate the debate on how greenhouse gas and climate are coupled on Quaternary timescales.
Prospects from the rest of the core
In this paper, we have shown the extended climate record back to 740 kyr, and that the pattern of climate before MIS 11 was different to that which has followed for the past four glacial cycles. Although the results from MIS 11 indicate that without human intervention a climate similar to the present one would extend well into the future, the predicted increases in greenhouse-gas concentrations make this unlikely 34 . According to our preliminary timescale, extending the record to 3,190 m (ice already drilled but not analysed) will take the record back to 807^10 kyr (MIS 20.2). The electrical records already obtained on this ice (Fig. 1) , although difficult to interpret simply in terms of climate, certainly suggest that another glacial cycle will be found in this ice. This ice should include the Brunhes-Matuyama magnetic reversal, generally dated to about 780 kyr, and therefore give us the first indication of how a reversal is recorded in cosmogenic isotopes such as 10 Be. There remains up to 120 m of ice still to drill. This will be difficult to obtain because the ice is near to the melting temperature. The timescale EDC2 extended to the base gives an age of 960^20 kyr. Therefore, when the record is complete, we could expect to reach MIS 26 (just beyond the MPR), assuming that the integrity of the stratigraphy and all the approximations of the dating method are still reasonable down to the base. It will be of particular interest to see how the tight coupling between greenhouse gases and Antarctic temperature (dD) seen in the last 420 kyr evolves through the earlier parts of the record.
A
Methods Analysis
The electrical conductivity measurement determines the d.c. conductance between electrodes on a fresh ice surface. Dielectric profiling determines the conductivity of the ice at higher frequencies. Both were measured in the field at a temperature of 220^2 8C, corrected 15, 16 to 215 8C. Data were collected at high resolution and averaged to 1 m. Vertical thin sections were prepared in the field at a periodicity of 10 m, then digitized and analysed using an image analysis procedure 35 to determine the mean grain radius. A 3.4 cm £ 3.4 cm strip of ice was melted on a hotplate in the field 36 , and fed into various detectors. Aliquots (1.1-m averages) were also collected from this melting device into clean containers, frozen and shipped to Europe for ion chromatographic analysis 37 of major ions (presented for Termination V). All other measurements were made in laboratories in Europe after the ice had been shipped frozen from Dome C. dD was determined 10 on meltwater from 55-cm-long sections. This record, still discontinuous for some parts, should be considered as preliminary. Also, we used a 'quick' mode (each sample is measured twice instead of four times), leading to a typical accuracy of 1.5‰ (1j), whereas we aim for a final precision of 0.5‰ over the entire core, as currently obtained for EDC96 (the upper 780 m). dD data shown in Fig. 1 correspond to values averaged across seven successive samples. The current precision and resolution are well adapted for the climatic interpretation discussed here (Fig. 2) , in which we focus on the broad features of Antarctic climate changes over the past eight climatic cycles.
Dust concentration and size distribution was measured by a 256-channel Coulter Counter, set to register particles in the size range from 0.7-20 mm (ref. 13) . In calculating mass concentrations, density was taken as 2,500 kg m 23 . CO 2 and CH 4 were measured (for Termination V) by a dry crushing 12 and a melt-refreezing extraction technique 38 , respectively.
Models used for ice-core dating
Full details of the derivation of the timescale are given in the Supplementary Information. For the thinning rate computation, we used an ice-flow model 39 , with prescribed surface elevation 40 . It has two poorly known parameters: the melting at the base of the ice sheet (F), which is the condition for the vertical velocity at the base, and a parameter (m) for the vertical velocity profile. The vertical strain rate is assumed to be proportional to 1 2 (z/H) (mþ1) , where z is the depth and H is the ice thickness. The accumulation rate is deduced from the dD content of the ice, via the temperature of the inversion layer. This conversion involves two further tunable parameters. The last modelling step of the chronology is the evaluation of the difference between the gas age and the ice age (Dage), which is required to derive the age scale for the gas measurements. This is derived from a firn model 22 . The four poorly known parameters of the models are evaluated through the use of a small number of chronological controls, through a Monte Carlo inverse method 5, 21 . The method searches for an optimal agreement, within the limits of the confidence interval of each assigned age (that is, we use control windows rather than control points) and using the same rules to define accumulation all along the record. In the top part of the core, we use the same control points as were used to derive the timescale (EDC1) recommended for the shallower part of the core 41 ; EDC1 remains the recommended timescale for this part of the core, and hands over precisely to EDC2 at 800 m. For the bottom part of the core (that is, for the period older than 50 kyr), we used several age control windows derived by comparison to the stacked marine isotope curve of Bassinot
